In this study, we analyzed the applicability of SFE for extraction of polyprenols from plant tissue. Plant material from three species ( Nicotiana tabacum , Picea abies , and Sorbus intermedia ) containing polyprenols with different chain lengths was extracted and analyzed. The effects of temperature, extraction time, and ethanol addition were also tested. The obtained results showed that SFE is a promising method for polyisoprenoid alcohol extraction, especially for short-chain and medium-chain polyprenols, for which the yields of SFE appeared higher than those achieved with conventional organic solvents. In the case of long-chain polyprenols (from sorbus), SFE effi ciency was lower compared with the traditional method. Additionally, optimization of the SFE process SFE extraction have been described (carbon dioxide pressure 250 bar, 65°C, 8 ml/min, and 6 h), although neither the yield of this procedure nor the profi le of isolated polyprenols has been described ( 10 ) . SFE has many advantages over traditional extraction techniques. Supercritical fl uid power and selectivity can be easily modulated by changing temperature and/or pressure during the extraction process. Another advantage of using supercritical carbon dioxide (SC-CO 2 ) is obtaining organic, solvent-free extracts, which can be safely used later on in the pharmaceutical industry. Moreover, bacteriostatic and chemostatic properties of carbon dioxide are benefi cial for long-term storage of extracts. collected in the botanical garden of the Polish Academy of Sciences, Powsin, Poland. Tobacco ( Nicotiana tabacum ) leaves were obtained from plants grown in soil in the greenhouse of the Institute of Biochemistry and Biophysics, Polish Academy of Sciences. The collected plant material was dried at room temperature and stored in a dark place. Pure carbon dioxide was supplied by Messer Polska (Poland). Hexane, methanol, and propan-2-ol of HPLC grade were purchased from J. T. Baker (the Netherlands). All other chemicals of analytical reagent grade were obtained from POCh (Poland). For the HPLC analyses, Milli-Q Academic water (Millipore, MA) was used. Standards of polyprenols were from the Collection of Polyprenols (Institute of Biochemistry and Biophysics, Polish Academy of Sciences, Warsaw). Solutions of standards were prepared by dissolving 10 mg of lipid in 10 ml of propan-2-ol (fi nal concentration 1.0 µg/ µl) for the quantitative determinations of Pren-19 and solanesol. For the qualitative analyses, a mixture of polyprenols (Pren-9, Pren-11 to Pren-23, and Pren-25) were used. The solutions were stored in a refrigerator and brought to room temperature before use.
Preparation of material for extraction
The dried plant material was milled. Prior to the extraction, the dry residue of the raw materials was determined according to might be applied to prefractionate the obtained polyisoprenoid extract, which in turn would simplify the laborious and time-consuming separation protocol of a particular single polyprenol. In all the cases, the crude lipid mixtures obtained did not contain many additional components and were not contaminated with organic solvents, so they could be directly used in food or pharmaceuticals. Furthermore, polyisoprenoids obtained with the aid of SFE can be used directly as supplements in diet experimental trials or as starting material for preparation of semisynthetic derivatives, such as polyisoprenoid phosphates or cationic derivatives.
MATERIALS AND METHODS

Materials
Three plants that accumulate polyprenols with different chain lengths were used in this study. The leaves of sorbus ( Sorbus intermedia , formerly known as S. suecica ) and spruce ( Picea abies ) needles were a thermostatic extraction cell 50 ml in volume. Before tests, the extraction cell was loaded with plant material (24-25 g, depending on the density of the feed). Constant pressure of 21 MPa and average CO 2 fl ow rate of 50 Nl/h (measured for gaseous CO 2 after decompression) were maintained in all experiments. The temperature of the liquid-phase extraction experiment was 25°C, whereas for supercritical extractions, it was 40, 60, or 80°C. Except for temperature-effect tests, all SFE experiments were carried out at 60°C.
The experimental procedure was as follows. After the required temperature in the extraction cell was reached, it was carefully fi lled with high-pressure carbon dioxide. Next, CO 2 was pumped through the bed of extracted material. The eluate stream was decompressed, the fl ow rate was controlled with a precise fi nemetering valve, and the extract released from the CO 2 stream was trapped in the airtight glass vessel cooled to Ϫ 30°C. The fl ow rate of gaseous carbon dioxide stream was measured with a glass-tube fl ow meter, and the total amount of the eluent passed through the extracted material was measured with a summarizing gas fl ow meter. Each extraction experiment was continued until a mass increase of the collected extract sample was lower than 0.01 g/h. The respective time intervals are indicated.
Experiments with an entrainer were carried out in the same manner with a small stream of ethanol (5 ml/h) fed with the CO 2 stream.
Saponifi cation of the lipid extracts
Analysis of the total pool of lipids was performed after alkaline hydrolysis; therefore, crude lipid extract was hydrolyzed (7.5% KOH in the mixture of water/toluene/ethanol, 1/6.6/5.5 by vol, containing 0.2% pyrogallol) at 95°C for 1 h. The samples were cooled, and water was added. Unsaponifi able lipids were extracted with hexane six times and purifi ed on a silica gel 60 column ( 12 ) . Postcolumn fractions were evaporated with a stream of nitrogen, dissolved in HPLC grade propan-2-ol, and then subjected to HPLC analysis.
Quantifi cation of polyprenols from spruce, sorbus, and tobacco
Quantifi cation of compounds was performed using HPLC/UV according to a previously described protocol ( 13 ) with modifi cations. Runs were performed on a 4.6 × 75 mm ZORBAX XDB-C18 (3.5 m) reversed-phase column (Agilent, Santa Clara, CA) using a Waters dual-pump apparatus, a Waters gradient programmer, and a Waters Photodiode Array Detector (spectrum range: 210-400 nm). The temperature of the column was maintained at 25°C. The identity of lipids was confi rmed by comparison with external standards of a polyprenol mixture (Pren-9, Pren-11 to Pren-23, and Pren-25). Quantities of polyprenols were analyzed using external quantitative standards of Pren-19 (C = 1 µg/µl) and solanesol (C = 1 µg/µl).
RESULTS AND DISCUSSION
SFE versus organic solvent extraction
Leaves of two species tobacco ( Nicotiana tabacum ) and sorbus ( Sorbus intermedia ) and needles of spruce ( Picea abies ) were extracted with either SC-CO 2 or a mixture of hexane/ acetone (1:1; v/v). SFE was performed until substantially all extractable components were removed (see Materials and Methods). The content of polyprenols in the total SFE extracts was 13.9 ± 0.6 mg/g dry tissue, 5.8 ± 0.4 mg/g, and a previously described method ( 11 ) . The dry matter content of the ground plant material was 92.8 ± 0.1, 93.8 ± 0.1, and 93.8 ± 0.1 (w/w %) for Nicotiana tabacum , Sorbus intermedia , and Picea abies , respectively.
Classical extraction with organic solvents
Dry tissue (5 g) prepared as described above was extracted with 10 ml of acetone/hexane (1:1, by vol) for two days at room temperature. The extract was removed by decantation, and the tissue was reextracted four times with new portions of the solvent mixture. All extracts were pooled and evaporated under a stream of nitrogen.
Supercritical fl uid extraction
Experiments of extraction with supercritical or liquid carbon dioxide were carried out in a laboratory apparatus equipped with of polyprenols increased by about 20% during further extraction, so an extraction time of 20 h was enough to obtain practically all extractable lipids.
The lower extraction rate for sorbus compared with the other materials may have been caused by differences in the composition of polyprenols. Sorbus leaves contain longer-chain polyprenols that are harder to extract with CO 2 (supplementary Fig. III) than the polyprenols from spruce and tobacco. Therefore, it seems possible to prefractionate polyprenols by collecting extracts at proper time intervals.
The effect of temperature has also been analyzed for sorbus leaves, which were extracted with high-pressure carbon dioxide at various temperatures (25, 40, 60, and 80°C, supplementary Fig. IV) . After extracting all extractable components (negligible increase of extract mass) at the established temperature conditions, the extraction temperature was raised to the higher level and extraction was continued. Supercritical carbon dioxide (temperatures у 40°C) applied after liquid carbon dioxide (25°C) for the subsequent extraction steps appeared to be a more effective extracting agent, as further increase of the temperature resulted in the extraction of the subsequent aliquots of polyprenols. Moreover, as can be seen in Fig. 3 , longer polyprenols (n > 25, where n stands for a number of isoprene units) were extracted at temperatures higher than 25°C.
A stepwise increase in extraction temperature can be used as a convenient method for preliminary fractionation of polyprenols.
Addition of ethanol to the supercritical CO 2 did not improve the yield of extraction. In contrast, lowered efficiency of the process was observed because the content of polyprenols in the extract obtained from spruce was about 20% lower (supplementary Fig. V) .
Additionally, extracts obtained in the presence of ethanol were contaminated with other, more polar, compounds such as chlorophylls (data not shown). This result suggests that application of CO 2 alone for extraction of polyisoprenoid lipids is advantageous.
Conclusion
SFE seems an effi cient method for isolation of polyisoprenoid alcohols from plant tissues. In this study, SFE was found to be equally effective as the "classical" method employing organic solvents. Moreover, results presented here indicate that adjusting the SFE parameters affects the polyisoprenoid composition in the extract. Because SFE offers the possibility of prefractionation of the natural polyisoprenoid mixtures, this interesting phenomenon facilitates preparation of extracts with various contents of homologous polyprenols of a desired chain length by selecting proper conditions and time of extraction. Additionally, due to its selectivity, SFE-derived extracts are of high purity, and last but not least, they are free of organic solvents.
All these observations suggest that SFE is a method of choice for isolation of polyisoprenoids from plant tissues, although the method has to be optimized for particular 2.3 ± 0.2 mg/g for spruce, sorbus, and tobacco, respectively. For the organic solvent, the content of polyprenols in the respective extracts was 10.7 ± 0.6, 6.7 ± 0.5, 2.1 ± 0.2 mg/g dry tissue ] (supplementary Fig. I) .
The observed differences in the extraction effi ciency probably were due to the different chain lengths of the extracted compounds. According to previously reported data, spruce needles accumulate polyprenols with mediumchain length from C 65 (Pren-13) to C 95 (Pren-19) ( 14 ) , sorbus leaves accumulate longer polyprenols (from C 80 up to C 250 ) ( 15 ) , while in tobacco leaves, a much shorter polyprenol, solanesol (C 45 ), is the main accumulated polyisoprenoid alcohol ( 16 ) . Chemical forms in which polyprenols exist in the examined tissues also differ. Polyprenols of sorbus and spruce are accumulated mainly as acetates, while solanesol of tobacco is almost exclusively accumulated as a free alcohol. Altogether, previous data and our results suggest that physicochemical properties of a compound (chain length and chemical form) can affect the yield of extraction.
Moreover, SFE seems more specifi c for extraction of polyisoprenoids than do organic solvents because additional compounds (e.g., chlorophyll) were detected in the hexane/acetone extract upon thin layer chromatography analysis (data not shown).
Analysis of the content of polyisoprenoid alcohols remaining in the tissue after the initial extraction with supercritical carbon dioxide revealed almost complete removal of polyprenols by SFE for spruce and tobacco, in contrast to sorbus in which nearly 40% of prenyl lipids remained in the tissue (supplementary Fig. II) . Moreover, in the extracts obtained from post-SFE residues, different spectra of polyprenols (considerably longer ones) were present than in the SFE extracts, with sorbus as the best example (a mixture of Pren-26 to Pren-50 was found in the reextract, Fig. 1B ).
All the data may suggest that supercritical extraction with CO 2 is an effi cient isolation method for short-and medium-chain polyprenols from plant material, whereas for long-chain polyprenols (longer than 25 isoprene units), the applied conditions were not optimal. On the other hand, these observations suggest that SFE gives the possibility of prefractionation of the polyisoprenoid mixture. To improve the performance of polyprenol extraction, we tested conditions such as time and temperature of the process and the addition of an ethanol entrainer.
Optimization of SFE procedure
To extract essentially all extractable polyprenols, we collected samples every 7 h, and then analyzed the content and composition of polyprenols in the samples. Fig. 2 depicts the progress of extraction for sorbus, tobacco, and spruce, respectively. In the case of sorbus ( Fig. 2A ) , the amount of the extracted polyprenols increased slowly with the time course; therefore, extraction as long as 56 h was necessary to achieve the maximum yield of polyprenols. Extraction of polyprenols from tobacco ( Fig. 2B ) and spruce ( Fig. 2C ) was faster, and a high amount of polyprenols was obtained after 7 h. For both species, the amount polyisoprenoids of interest. It will satisfy a growing demand for polyisoprenoids for basic research (e.g., studies on protein glycosylation, GPI-anchor formation, modulation of membrane biophysical properties) and potential biotechnological applications.
